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Outline 

¤  Algal Biology and Evolution 

¤  The Case for Algal Biofuels 

¤  Modernization of the Workforce: 
¤  Galdieria- Relocation 
¤  Chlorella - Retraining 
¤  Picochlorum- Reduction 



Algal Biofuels 

http://www.sapphireenergy.com/green-crude/how-does-it-work/ 

BIOMASS, 
LIPIDS, CARBOHYDRATES 



What are Photosynthetic Algae? 

¤  Eukaryotes 
¤  gain energy from light 

¤  Convert CO2 into biomass 

¤  Both multicellular and Unicellular 



NAABB economic analyses predict that the major 
technological hurdles impacting economic success are; 
increasing biomass yield and reducing harvesting costs 

http://www.growingpassion.org/2010/04/evolution-of-chloroplasts-endosymbiosis.html 



Many 
Endosymbiotic 
Events 
Contribute to 
Algal Diversity 

“Blue-Green Algae” are  
  NOT Algae: They are 
photosynthetic bacteria: 
Cyanobacteria) 
 

Common Names for Algae:  
“Red, Green, Brown, Yellow- 
Green, Golden, … 



Eukaryotic Tree of Life 

Green, B. The Plant Journal (2011) 66, 34-44 

= biofuel  
candidates 

Chlorella 
Picochlorum 
 

Nannochloropsis 

Galdieria 



Prolific in Diverse Habitats 

Arctic Sea Water  Alpine Freshwater Lakes 

Hot Acidic Streams Ditches, Ponds….  



Algae can store a lot of carbon 

Simionato D et al. Eukaryotic Cell 2013;12:665-676 

NITROGEN 
REPLETE 
 
 
 
 
 
 
NITROGEN  
STARVED 



Other Advantages of Algae 

¤  Grow Fast! (10 times more productive than land plants) 

¤  Non-Competitive with Agriculture 

¤  Use of non-arable land 

¤  Flexible Non-potable water sources 

¤  Wastewater 

¤  Saline and Brackish Water 

¤  Products Plug into Existing Infrastructure 

¤  Biodiesel, Jet Fuel, Gasoline, Animal/Aquaculture Feed 



21 billion gallons per year of “advanced biofuels” ≈ 10% of U.S. liquid on-
road fuel usage ≈ how much cultivation area? 

21 billion gallons per year 
of soy biodiesel (≈ Alaska) 

21 billion gallons per year of 
algae biodiesel (≈ Connecticut) 

Phototrophic Microalgae are Potentially Scalable 

Personal comm., Anthony Marchese, Col. State University  



Eukaryotic Tree of Life 

Green, B. The Plant Journal (2011) 66, 34-44 

= biofuel  
candidates 



Eukaryotic Tree of Life 

Green, B. The Plant Journal (2011) 66, 34-44 

= biofuel  
candidates 

Chlamydomonas 



Courtesy of Pete Lammers, New Mexico State University 

Spirulina 
(Sapphire, 
Algenol) 

Galdieria  
NMSU 



NAABB economic analyses predict that the major 
technological hurdles impacting economic success are; 
increasing biomass yield and reducing harvesting costs 

James Richardson, TAMU, Myriah Johnson , TAMU, Meghan Downes, NMSU 
 



Galdieria sulphuraria	



¤  Isolated from Yellowstone National Park	



¤  Metabolizes wide range of substrates.	



Photo:YNP Photo:U. Goodenough 
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0.165 grams/L/day 
y = 0.165x + 0.159  R² = 
0.978 
 
16.5 grams/m2/
day 
 

Outdoor Growth of Galdieria sulphuraria in Enclosed 
Raceway  

 
10 cm Depth, 5% CO2 in Air, @ 2 L/min, O2 in gas phase is ~30% during daytime 



System 1:  20-200L panels in basin 
for temp control and year-around 
biomass production 

System 2: enclosed raceway design, passive solar 
heating, paddlewheel mixing 

System 3: 4,500-L PBRs, waterfoil mixing, passive 
solar heating, condensation collection aids 
dewatering  

Outdoor Production Systems 

Courtesy of Pete Lammers, NMSU 



Eukaryotic Tree of Life 

Green, B. The Plant Journal (2011) 66, 34-44 

= biofuel  
candidates 

Chlamydomonas 



Galdieria sulphuraria 

¤  Unicellular red alga 

¤  Acidophilic (pH 0-4) – self limiting – does not grow above pH 5 

¤  Moderately thermophilic, maximum sustained temperature is 
56oC 

¤  Photoautotrophic and heterotrophic growth (up to 100 g/L)  

¤  10 successful batch cultures in ‘Sapphire-type’ PBRs (May-Oct, 
2013).  No crashes 



Galdieria sulphuraria-  
Lipid and Starch Accumulation 

 

                   photosynthetic growth stage         after nitrogen-limitation 

Dedifferentiated 
chloroplast 

starch 

Lipid body 

Chloroplast 

A B 

Lipid body 

Lipid body 

Starch 



Eukaryotic Tree of Life 

Green, B. The Plant Journal (2011) 66, 34-44 

= biofuel  
candidates 



Chemical Mutagenesis  

¤  Chlamydomonas among lowest mutation rate recorded in eukaryotes 
(Ness et al. 2012 Genetics 192(4):1447) 
¤  2x10-10 mutation rate per cell division on agar plates 
¤  Mutation bias towards A/T 

¤  Assuming a spontaneous mutation rate of 1/300 per replication and a 
doubling of 107 cells every 8 hours, we should have 100,000 possible 
mutations every day 

¤  In order to obtain a more thermotolerant organism (50oC or more), we 
will attempt chemical mutagenesis 

¤  Ethyl methane sulfonate (EMS) increases spontaneous mutation rate 
up to 500 times 

¤  Treat 45oC adapted cells with 100 mM EMS for 1 h (Ong et al. 2010 
Bioresource Tech 101:2880) 
¤  Introduce into 45oCà50oC and a 50oC photobioreactor environment 

Slide 23 



Directed Thermoevolution    

¤  Chlorella sorokiniana 

¤  Increments of 2oC at a flow rate of 8 mL/hour (~200 mL/day) 

 

                        39oC à 41oC à 43oC à 45oC à 47oC 

    

Slide 24 

1.5  
months 

3 
months 



Acknowledgements  
¤  Picochlorum Adaptive Evolution and Nannochloropsis studies 

¤  Scott Twary (LANL) 

¤  Taraka Dale (LANL) 

¤  Rose Ann Cattolico (U. of Washington) 

¤  Galdieria sulphuraria growth studies 

¤  Pete Lammers (NMSU) 

¤  Thermoevolution of Chlorella  

¤  Richard Sayre (LANL and New Mexico Consortium) 

¤  Amanda Barry (LANL) 

¤  Current/Former Students 

¤  Jennifer Kwon (NIH) 

¤  Tumpa Arefin (UNM) 

¤  Juliette Ohan (LANL) 

¤  Funding:  

¤  Dept. of Energy- Energy Efficiency and Renewable Energy Office 

¤  LANL- Laboratory Directed Research and Development 



Thank you! 

http://www.cyanotech.com/ 







The Tree    
of Life 

http://pacelab.colorado.edu/ 

Algae-  Eukaryotes 
 
Common Names:  
“Red, Green, Brown, 
Yellow-Green, Golden, 
etc” 

Cyanobacteria- Bacteria 
 
“Blue-Green Algae” 
 
 



ATP Synthase Complex: 
 
Makes ATP!! 

atpD 

atpG 



ATP synthase subunit D 

!
!

"#!

!
!
!
!
!
!
!

!
!
$%&'()!*+!!,(%-.(/!.01!2)3401.(/!25('35'()6!47!859:!;.(%.056+!<=)!6)3401.(/!
65('35'()6!.>4?)!5=)!7%(65!6)@')03)!%01%3.5)!5=)!9()1%35)1!6)3401.(/!65('35'()!47!
5=)!859:!74'01!%0!!"##$%&'$($)*+*+!<=)!6)3401.(/!65('35'()6!1)9%35)1!>)A4B!5=)!
A.65!6)@')03)!%01%3.5)!5=)!.99(4C%-.5)!A43.5%40!47!5=)!3406)06'6!6)3401.(/!
65('35'()6!47!5=)!,-.%$'+!8<,!6/05=.6)!1)A5.!6'>'0%5!.01!5=)!>4?%0)!D2E,!1)(%?)1!
7(4-!5=)!9()1%35%406!-.1)!>/!,2F,GH:!.01!,4(5)(+!
!
!
!

N. salina              1 MGCLDKVQLSQNLIQNFVKSFQAVPNAYDMYHIGVWFKTLSYYTAQTFPSTETI.........PKQAKTNLNSS.LVNQSFKNN.IRYKIAARRKD....    
N. gaditana            1 MGCLDKVQLSQNLIQNFVKSFQAVPNAYDMYHIGVWFKTLSYYTAQTFPSIETI.........PKQAKTNLNSS.LVNQSFKNN.IRYKIAARRKD....    
N. oculata             1 MGCLDKVQLSQNLIQNFVKAFQAVPNAYDMYHIGVWFKTLSYHTAQTFPSTEVI.........PKQAKTNLNSS.LVRKSFKNN.IRYKIAARRKD....    
N. oceanica            1 MGCLDKVQLSQNLIQNFVKAFQAVPNAYDMYHIGVWFKTLSYHTAQTFPSTEVI.........PKQAKTNLNSS.LVRRSFKNN.IRYKIAARRKD....    
E. siliculosus         1                              MANTMFGAKIANPYSEALLQLGLDLYLKEDNADTQVFFQIIFDMENLLTIL.KITPTLEKYLANPLIKDKD    
V. litorea             1                              MTNKLLSIKIADPYAEAFFQLSLSLYIK..NNDPDLFYQLIFDIQDFLKLL.KETPELDNFLKNPLNSNIL    
T. pseudonana          1                              MSINPLASKIASPYARALYDF.........SVEQNIMHQVTADFQNLDVFLA.EVPTLMEYLGNPIVTATQ    
E. huxleyi             1                                  MLVVKIAVPYAEALLELANA........NSSLKETTN.DINIVSQFLA.NSSDLKKFLGNPLITRDA    
C. merolae             1                                   MKQKIVEPYAQALFRL.KD................DIDLT.PLWEMARDS.KFMQLLMNPSIPKEK    
R. sphaeroides         1                             MSEPASISSGIAARYAAAVFELAKDE.........GALPALEKDMD.ALGAAWSESADLRDLATSPVYAREE    
S. elongatus PCC7942   1                                 MTSTSQLFDPYAEALMAIAREQ.........GLEDRFGEDAA.LFRSTLAASADLRHLLENPTLF.SS    
A. thaliana           13 SKLPPSSFQIARSLPLRKTFPIRINNGGNAAGARMSATAASSYAMALADVAKRN.........DTMELTVTDIE.KLEQVF.SDPQVLNFFANPTI.TVE    
C. reinhardtii         7 IAGPRAFKASAVRAAP.......KAGRRTVVVMARKNEVSESYAKALVELADEK.........GKLEAVHADVD.VAG.LMKENAKLSALIMNPVV.ESD    
B. taurus_OSCP         1   MAALAVSGLSQQVRCFSTSVVRPFAKLVRPPVQIYGIEGRYATALYSAASKQ.........NKLEQVEKELL.RVGQILKE.PKMAASLLNPYV....    
E. coli_K-12           1                                 MSEFITVARPYAKAAFDFAVEH.........QSVERWQDMLA.FAAEVTKNE.QMAELLSGALA....    
 
 
                                     
N. salina             86 SEDFVIWKLLLPAWKSSFSHDFDLVFGKWFYESFRNRIVSSLISVFPSVFDRICRLH.RLRIIDEICTVSDWASSFSGDKLLDKLSDVLDFTDENPERLN    
N. gaditana           86 SEDFVIWKLLLPAWKSSFSHDFDLVFGKWFYESFRNRIVSSLISVFPSVFDRICRLH.RLRIIDEICTVSDWASSFSSDKLLDKLSDVLDFTDENPERLN    
N. oculata            86 SEDFVIWKVLLPAWKTSFNHGFDLVFGKWFYESFRNRIVSSLISVFPSVFDRICRLH.RLRIVDEICTVNDWASSFNGDKLLDKLSDVLDFTDENPERLN    
N. oceanica           86 SEDFVTWRVLLPTWKTSFNHGFDLVFGKWFYESFRNRIVSSLISVFPSVFDRICRLH.RLRIVDEICTVNDWTSSFNSDKLLDKLSDVLDFTDENPERLN    
E. siliculosus        71 KKNV.LNK..CLTTKTSA.......TTKNFLMLLVDKKR...IGFIQIITQTFLNKAYN.FVCLKFV.EVYSASLLSKDQKAQLVEKLKILLGPE.....    
V. litorea            69 KKNI.LNK..IIENKFNL.......QTINFLNLLIDKKR...IDTIQTIGKIFLEKAY.EFVCIKFV.EVWSTIELSQKQQENLIQKINILLGPI.....    
T. pseudonana         62 KEAL.LTK..TLKSQLNAE.......TFKFLMVLVKRDR...INLLPTIITTYLELVY.KTASVKMI.EVSTAFPFTTLQKLNLIKKLKELTNARE....    
E. huxleyi            58 KKGV.LKD..VLGEQIGE.......KTLTFLMLLVDRGR...IAYLDGIAYKFLELSY.KEESIEIA.KVTSSVQLSAQQQKTIAEKLKKITGAK.....    
C. merolae            48 KWQLF.QP.FDK.............LVQSWLEVIWKKKR...MNLLAEICASYLELRKKKEGIVTVF..VTSATPLTDTQTQ.QLEVQLTRMCQA.....    
R. sphaeroides        63 QQKAIAA.VAAKMGLSTV.......TANTLALM.GSKRR...LFVLPQ.MVADVQNRIATEKGEITA.EVTAAAPLSPEQAARLAATLKARAGKD.....    
S. elongatus_PCC7942  58 QKKAVLNQVFGSSVHP.........LVLNFLNLLVDRNR...IAFLDGIADRY.QALLRKLRNVVRA.DVSSAVPLTEAQVQVITEKVKQLTGAAG....    
A. thaliana          101 KKRQVIDD.IVKSSSLQS.......HTSNFLNVLVDANR...INIVTEIV.KEFELVYNKLTDTQLA.EVRSVVKLEAPQLAQIAKQVQKLTGAK.....    
C. reinhardtii        88 KKRAVLAK.IAKEAGFQQY......TINWLNLLV.EKDR...LSLVPEICECFEDL.YCQMTDTQVA.TLRSAVKLEQEQQFLIAKKLQELTGSK.....    
B. taurus_OSCP        84 KRSVKVKSLSDMTAKEKFS.....PLTSNLINLLAENGR...LTNTPAVISAFSTMM.SVHRGEVPCTVTTASALDEATLTELKTVLKSFLSKGQ.....    
E. coli_K-12          54 PETLAESFIA..VCGEQLD.....ENGQNLIRVMAENGR...LNALPDVLEQFIHLR.AVSEATAEVDVISAAALSEQQLAKISAAMEKRLSRK......    
                                      
 
 
N. salina             185 PSDHSFLIKKQVTSKNIVRGYTCRVDSVVFNFTTNRLLGSQ...LIE.NFYD                      
N. gaditana           185 PSDHSFLIKKQVTSKNIVRGYTCRVDSVVFNFTTNRLLGSQ...LIE.NFYD                      
N. oculata            185 PSDHAFLIKKQVTSKNIVRGYTCRVDSVVFNFTTNRLLGSQ...LIE.NFYN                      
N. oceanica           185 PSDHAFLIKKQVTSKNIVRGYTCRVDSVVFNFTTNRLLGSQ...LIE.NFYN                      
E. siliculosus        151 ......F.TTSKV.YYSKINVTFKIDKELLGGFIIKV.DSK...IIDLSLRGEIEGLARQMEINLLS       
V. litorea            149 ......F.SEPSVQFY.KIQLTLMLDTNLLGGLIIKM.GSK...IIDLSLRNELQQLGKKLDITI         
T. pseudonana         143 ..................IRLVVTVDSSLIGGFLIKT.NSK...VIDFTIKNQLENLAKHLDGVLEI       
E. huxleyi            138 .............Q....IKLALKVDPQLIGGFTIEI.GSK...LIDTSIRGQLKQISTLLGAV          
C. merolae            122 ................KHLQCEYQVDAQLLAGLKIQMNGQ....LIDTSWQTQLKQLMKSLW            
R. sphaeroides        144 ..................VKLKTTVDESLIGGLVVKL.GSS...MIDTSVKARLAALQNAMKEVG         
S. elongatus_PCC7942  140 ..................VEIESQVDADLLGGVIIKV.GSQ...VLDASLRGQLKRISISLAA           
A. thaliana           183 ...............N..VRVKTVIDASLVAGFTIRY.GESGSKLIDMSVKKQLEDIASQLELGEIQLAT    
C. reinhardtii        170 ...............N..IKLKPVIDSSLIAGFVVEY.GSSQ...IDLSVRGQIERVADQLTKEMTAKLS    
B. taurus_OSCP        170 .................VLKLEVKIDPSIMGGMIVRI.GEK...YVDMSAKTKIQKLSRAMREIL         
E. coli_K-12          137 ..................VKLNCKIDKSVMAGVIIRA.GDM...VIDGSVRGRLERLADVLQS 
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Starkenburg, et al. BMC Genomics, 2014, in press 

Plants 
Algae 
Cyanobacteria 
Bacteria 
 

Nannochloropsis 



•  The 2007 Energy Independence and Security Act (EISA) mandates 
the production of 36 billion gallons per year of biofuels by 2022  

•  21 billion gallons per year must qualify as advanced biofuels. 

 

•  Note: the U.S. consumes 300 Billion gallons per year of liquid fuels   

U.S. Advanced Biofuels Mandate 
21 billion gal/year by 2022 


